wave splitting, diagnostic of some form of seismic anisotropy, has been identified in the past, principally of recordings by examining polarization diagrams and by rotating the axes to separate the shear wave polarizations. We introduce a new technique for identifying polarizations of shear waves when the data has been recorded with more than one source orientation. The technique, suitable for vertical seismic profiles (VSPs) or reflection data, averages over an entire shear wavetrain, eliminating source related effects while retaining the anisotropy related polarizations. In shear wave reflection experiments and shear wave VSPs the distribution of displacement directions depends on the elastic properties of the medium (anisotropy), the source orientation, and the effects of scattering. We linearly combine seismograms from different source polarizations in order to simulate seismograms for any source polarization. This allows us to show the distribution of displacement directions as a function of source polarization in a high-relief display. The diagrams show characteristic features in the presence of anisotropy which could help to determine the polariza t ions of the two spli t shear waves in difficult circums tances. The techniques are tested with synthetic seismograms.
INTRODUCTION
Cramp in [1985] . observed at the They showed that shear waves free surface be seriously We examine the effects of source orientation on distorted by interaction with the surface if the the distribution of polarization directions in angle of incidence is greater than the critical the horizontal plane of near-offset shear wave angle arcsin (Vs/Vp). This angle defines a shear vertical seismic profiles (VSPs) and reflection wave window, within which the shear waveforms surveys.
Processing seismograms from two dif-recorded at the surface are similar to the waveferent source orientations yields direct informa-forms of the incident waves. tion about the shear wave splitting and allows
The effects of internal interfaces and inhomothe polarizations of the two split shear waves to geneities have been discussed by Cormier [1984] , be recognized even in the presence of consider-Douma and Helbig [1987] , and Liu and Crampin able noise. This could be particularly useful if [this issue], Cormier concluded that interaction the delay between the split shear waves in field with irregular internal interfaces could lead to recordings is small, or if interference of many distortions of shear wave polarizations of up to signals leads to elliptical particle motion, loo. Douma and He lbig [ 19871 suggested that where it would be impossible to identify the interference with plane interfaces could have polarization by examing individual three-com-serious implications for the study of anisotropyponent records.
induced shear wave splitting. However, Liu urrd In the absence of anisotropy, the observed Crumpin [this issue] show that, although interpolarization of shear waves should be those radi-action with single internal plane interfaces may ated from the source, modified only by inter-contribute to the observed complexity of the action with internal interfaces and with the waveforms following the initial onset of the free-surface topography. The scattering of shear faster split shear wave, the changes in orientawaves at a free surface has been discussed by tion of the wave caused by the interface are Nuttli j1961, 19641, Evans [1984 , and Booth and small and only affect details of the behavior of the pat terns in the polarization the ini tial takeoff angles. diagrams and not
Shear wave splitting-is caused by the internal structure of the rockmass along the raypath. The structure may be interfaces or discontinuities, but more commonly is some form of effective anisotropy [Liu and Crampin, interference from reflected signals. The pro-where both +( 0, t) , and 8 are specified between O" cessing technique discussed in this paper allows and 180°. +( 0, t) is sensitive to noise when K the polarization directions of the split shear and y are small, and better signal-to-noise ratio waves to be determined even in the case of is strongly elliptical motion. obtained by weighting each sample by its energy 2. PRINCIPLE OF THE METHOD E(0, t) = x2(8, t) -I-y2(8, 1)
We assume a minimum of two different shear wave VSP data sets recorded at the same well with different source azimuths, and consider nearvertical propagation.
The ideas developed in this paper are valid for any offset and for planes of displacement approximately perpendicular to the propagation direction of the incident waves. Since we restrict ourselves to shear wave particle motion of nearly vertical ray paths, we will only consider the horizontal components of recorded motion. For a given shear wave source polarization 8, we take two fixed horizontal orthogonal directions in the medium with components of the recorded displacement vector ~(9, r), and YW, 0, measured in the coordinate system in Figure 1 .
Let -Q( 0, YJ 0 and x2( 0, y2( t) be the displacements for two (different) source orientations el, and e2, respectively.
When the two source orientations are perpendicular,(e ' I 8 = 900), the displacements become (e-8,) y,( I ) + sin{&8,) y2( t) (1) F(e, $) ranges over a square array of bins, where the elements correspond to the relative total energy associated with polarization direction + as a function of source polarization.
We use two types of diagrams to show the variation of the energy as a function of polarization:
1) high-relief plots of F(e, +), over the range of source orientations and displacement directions, and in which F(8, (p) is normalized and smoothed by averaging a square of 4 values, and 2) sums of energy, E, for each displacement direction + for all calculated source orientations 8, which we plot as graphs against displacement directions 180°S C+) = c F(e,+) e=o 0
The instantaneous direction of the displacement vector in the horizontal plane is 3. PHYSICAL SIGNIFICANCE Applying the processing described above, the data are transformed into the angular domain with two parameters: 8 representing the source orientation; and 4 representing the displacement direction in the horizontal plane. The energy of elastic wave-fields is proportional to the square of the amplitude, and the squared displacements for particular directions leads to the concept of polar energy. F(e, (p) of equation (5) can be characterized as a polar energy spectrum, which describes the properties of an elastic medium as a filter for transverse motion radiated from a horizontal source.
The distribution of total energy for isotropic media will be independent of direction and the distribution F(e, $) will be unity for $ = 8 and zero for Q f 8. (Figure 4a is very close to isotropy as a delay between the split shear waves has not had time to develop at the shallow depth.) However, the distribution of polarization energy changes for propagation in an anisotropic medium. In the presence of anisotropyinduced shear wave splitting, when all possible source orientations are taken into account, the maxima of the polar energy spectrum F( 8, $) coincide with the polarizations of the split shear waves despite complicated particle motion.
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This seismic analysis is analogous to optical experiments, where the intensity of ini t ially linearly polarized light is measured as a function of polarization after propagation through specimens such as anisotropic crystals, or optically active solutions, which affect the initial polarization.
4. APPLICATION TO SYNTHETIC DATA 4.1.
Near-Vertical VSPs
To illustrate the effect of anisotropy in distributing seismic energy in polarization directions related to the medium rather than the source, we analyze synthetic VSP data calculated with the ANISEIS modelling package which uses a modif ied anisotropic reflectivity technique [ Crampin, 19871. The model parameters of the anisotropic medium are given in Table 1 . Using the formulations of Hudson [1980, 19811, we model the anisotropy of parallel vertical water-filled cracks striking 135O clockwise from the x direction.
The crack density is 0.03, the aspect ratio of the cracks is 0.001 and the crack radius 1 mm. Ten geophones are aligned vertically below the source with a separation of 300 m. The top geophone is at a depth of 100 m. The dominant frequency of the horizontal point-force source pulse is 15 Hz.
For near-vertical propagation the faster split shear wave, qSI, is polarized parallel, and the slower split shear wave, qS2, is polarized perpendicular to the strike of the cracks. Figure 2 shows the horizontal components and the polarization diagrams in the horizontal plane of the shear wave arrivals in the horizontal plane for geophones 1 to 10 when the source polarization is in the x' direction. The patterns of motion are characteristic of shear waves propagating through anisotropic media with increasing time delay for the longer ray paths. When the time delay is large enough (geophone 5 and below) visual identification of the polarization of the split shear waves in polarization diagrams is easy as the motion displays, either nearly cruciform linear components (geophones 8 to lo), or characteristic patterns of motion (geophones 5 to 7) from which the parameters may be estimated. However, for small delays, as at geophones 1 to 4, the particle motion is highly elliptical and it is difficult to identify the directions of the split shear waves with any reliability. The intermediate delays at geophones 5 to 7 result in constructive interference so that the maximum displacements are perpendicular to the initial source radiation [ Crampin, 19781. We test our processing techniques for these typical cases by w lying the processing techniques to geophones 1, 6, and 10 in turn. Figure 3 shows the distribution of polar energy for geophones 1, 6, and 10, from Figure 2 , At geophone 1, for very small time delay, the energy is scattered about the polarization of the source, and the polarizations of the split shear waves, qS1 and qS2, cannot be distinguished. At geophone 6, the constructive interference leads to a considerable amount of energy orthogonal to the source orientation.
In addition, the two dominant peaks are complicated and do not exactly coincide with the polarization of qSI and qS2. For large delays as at geophone 10, the directions of qSI and qS2 are clear and unambiguous. These results agree with what can be obtained by visual inspection of the polarization diagrams in Figure 2 .
If we now calculate seismograms with a source oriented perpendicular to those in Figure 2 , and linearly combine seismograms from orthogonal source orientations, we can calculate the distribution of polar energy F( 8, $) for a range of source polarizations 8 between 0' and 180° and sort them into lo bins of 4 for O" 5 #I 5 180°. These polar energy spectra are shown in Figure 4 for geophones 1, 2, 6, and 10.
When a source polarization is simulated that coincides with the polarization of either qS1 or qS2, the particle motion is linear and the motion confined to this polarization direction.
For any other source polarization, the energy is scattered into the polarization directions of the two split shear waves. This effect can be seen in Figure 4 . The spikey nature of the peaks is caused by the sorting mechanism applied to a sampling rate of 2000 Hz (0.5 ms).
For the very small time delay between the split shear waves at geophone 1 the linear combination shows that the recorded motion for any source polarization will mainly be polarized in this direction.
It is already obvious that more energy is transmitted where the source orientation coincides with the qS polarizations. This becomes more distinct for increasing time delay. The maxima of the polar energy spectra correspond to the polarization directions of the split shear waves.
As a final processing step, in Figure 5 we plot S(f), the sum of the frequencies of the polar energy over all source orientations for each displacement direction. The polarization directions of qSI and qS2 are dominant and there is very significant improvement over the diagrams in Figures 3a and 3 b. In particular for the small time delays at geophone 1 and 2 the qS polarizations could be determined which was not possible by visual inspection. Figure 5 shows nicely the polarization filtering effect of anisotropic media.
4.2; Reflections From the Lower Crust
We now apply the processing techniques to a seismogram section from a synthetic shear wave reflection survey recording reflections from a laminated lower crust. The large number of interfering reflections of shear waves gives Horizontal components and polarization diagrams of particle motion in the horizontal plane for seismograms from the VSP model described in Table  1 , for geophones 1 to 10, with source polarized in x direction. metres is given.
Depth in The directions are marked toward (T) and away from (T-) the source, and left (R-) and right (R) from the source. Fig. 3 .
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DISPLACEMENT DIRECTION
The particle motion and distributions of displacement directions in the horizontal plane for geophones 1, 6, and 10, from the synthetic VSP survey for the structure in Table 1 There is an increasing number of publications reporting shear wave earthquakes, recordings above small where the polarization of the faster split shear wave is parallel to the direction of maximum compressional stress. Crampin and Booth [1985] interpret this as the effect of extensivedilatancy anisotropy. Such stress-aligned cracks in the upper crust would have a crucial effect on the behavior of shear waves reflected from the lower crust, and we examine possible effects by processing synthetic shear wave seismograms reflected from an isotropic laminated lower crust underlying an anisotropic upper crust. A transverse isotropy of the lower crust due to the The interference of reflections and multiples leads to highly elliptical particle motion, where the shear wave polarizations are not easily recognized by existing techniques. The model parameters for a reflective lower crust are given in cracks with crack density 0.02. The size and shape of the cracks are the same as in the synthetic VSP model.
The cracks strike N135OE of the x direction, and the initial polarization of the faster split shear wave coincides with the strike of the cracks. The lower crust consists of 20 horizontal high/low velocity layers with thicknesses between 50 and 200 m ( Table 2) . The average thickness is 120 m, as suggested by Wenze I e t al. [ 19871. Source and receiver are located at the surface with a 200 m offset in the positive x direction. Figure 6a shows the horizontal components and the polarization diagrams in the horizontal plane for a record section containing the lower crustal reflections for a source orientation in the x direction.
Apart from the first arrivals of the reflected faster split shear wave and the last arrivals of the slower split shear wave, the particle motion is elliptical due to interfering orthogonally polarized reflections and multiple arrivals. Figure 6b shows the distribution of the weighted frequency for a single source orientation, 8 = O", for the indicated section. There is large scatter and the polarizations of the split shear waves are hidden. Figure 6c shows a plot of the bin distribution, F(e,+), against displacement polarizations and source polarization. We see again the characteristic features of shear wave anisotropy as described in the previous section.
The energy is Figure 6d shows the dominant effect of the polarization directions of the two split shear waves.
a) VSP GEOPHONE 2
30% NOISE
EXPERIMENTAL UNCERTAINTIES AND NOISE
Coherent and random seismic noise may have severe effects on the processing technique. We discussed the effects of internal interfaces and the free surface in the introduction.
The effects of single internal interfaces are expected to be small [Liu and Crumpin, this issue], but the particle motion of surface recordings may be seriously disturbed by interaction with topographic irregularities.
However, numerous numerical experiments show that the technique is stable when combining different source polarizations.
For example, the same results are obtained, if the seismograms from one source polarizations are decreased (by up 40%,say), simulating different source strength, or a different directional response of the rock beneath the source.
The results are also stable when seismograms from non-orthogonal source polarizations are combined, using the formulae for the orthogonal case (deviation <r30° from orthogonality), simulating uncertainty in the source orientation. Different dominant frequencies of the source pulse (+5 Hz) may have a large effect for small delays (at geophones 1 to 3) in the VSP survey (Figure 2) .
If the delays are large enough (below geophone 3), or we process a large number of overlapping arrivals (lower crust reflections), the dominant displacement directions still coincide with the qS polarizations. In order to test for the effects of noise, we contaminated each of the four horizontal seismogram components of both our synthetic examples needed for processing with independent random noise.
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d) LOWER CRUST REFLECTIONS
30% NOISE
Examples of processed noisy signals are displayed in Figure 7 . The quasi shear wave polarizations cannot be distinguished in the presence of more than about 5% noise for the very small time delays at geophone 1 in the VSP test in Figure 2 . However, for small delays in geophones 2 and 3 in the VSP survey (Figure 7u) , and the elliptical motion in the reflections from the lower crust ( Figure 74 , the quasi shear wave polarizations can be distinguished for up to 30% random noise. For larger delays at geophones 4 and below in the VSP experiment, the polarizations are dominant for up to 50% noise ( Figures  76 and c) . Summed polar energy spectra as in Figures 5 and 6d for the synthetic VSP survey in the presence of randomly oriented noise: (a) geophone 2 (30% noise); ( b) geophone 6 (50% noise) ; and (c) geophone 10 (50% noise), and (d) lower crustal reflections (30% noise).
Low frequency noise has a large effect due to the long-period displacement of the origin from ized noise may split the peaks and shift them up to 20° for noise (20%.
It is important to note that the noise studies have been tested on synthetic seismograms with orthogonal source oriwhich the displacement direction is measured. We entations. The effects of noise are expected to examined the effects of coherent linear and increase if nonorthogonal source orientations are elliptical low frequency signals on the seismo-used. grams from two orthogonal sources. Note that 10% of linearly polarized low-frequency noise leads 6. DISCUSSION to dominant energy in the polarization direction of the noise for all geophones in the synthetic
The visual interpretation of shear wave split-VSP survey. The effects are smaller if a large ting is subjective, and several attempts have number of arrivals is processed as in the syn-been made to extract information about shear wave thetic reflection and shifting of up to 15O for a splitting by automated processing of the dissignal-to-noise ratio (20%.
Elliptically polar-placements in the horizontal plane [Nuville, However, for small time delays with elliptical particle motion this method fails since the maximum linearity does not correspond to the polarization direction of the faster split shear wave.
Nuville [1986] maximizes the correlation of the horizontal components of the shear wave recorded at different depths in a VSP survey, and relates the most symmetrical correlation to the principal directions of anisotropy.
Naville assumes that the correlation is at right angles to the polarization direction, but again, this is only valid if the two split shear waves are separated sufficiently, and that the dominant particle motion is already in these directions.
The method of Nicoletis et al. [1988] diagonalizes a transfer matrix between two adjacent receivers in the frequency domain. This is an improvement since, expecially with small delays, manipulation of the frequency content in the low frequency domain can remove the ambiguities of the other two techniques, which fail if the particle motion is elliptical, by reducing the elliptici ty with high-pass filtering. Nicoletis et al. [1988] point out that the measurement of the anisotropy is improved in quality and resolution if more than one source orientation is available, but do not attempt joint processing.
As seen in the previous sections, the effects of source orientation is crucial to the behavior of shear wave splitting.
The information about the particle motion of any source orientation is contained in the response of the system to the two different source orientations, and can be used to determine the polarizations of the split shear waves.
The maxima of the polar energy spectra may be expected to correspond to the axis of maximum horizontal compressional stress. However, it is important to note that vertical cracks in sedimentary basins in combination with the anisotropy of periodic sequences of thin layers do not necessarily yield polarizations parallel to the strike of the cracks throughout the shear wave window [Bush and Crumpin, 19871. The advantage of the techniques suggested in this paper is that the actual particle motion of the single three-component not important.
seismogram is The polarization response of the transmitting or reflecting medium for the full range of possible source polarizations echoes the inverse impedance of the propagation of the shear wave motion along the raypath, no matter how elliptical the particle motion. Since we are measuring from a fixed origin (zero displacement) the methods are sensitive to noise. The results depend on the quality of the data, in particular, the availability of records of different source polarizations.
orientations of the split shear wave arrivals. In near-vertical VSPs and reflection surveys this may help to extract shear wave polarizations from data, which may be inaccessible by conventional techniques. The results may be largely independent of the time delay between the split shear waves, and may be particularly useful when the time delay is small or the motion is highly elliptical, when existing methods are likely to fail.
The synthetic examples we have discussed are for small offsets.
The technique is valid for any offset and any plane of displacement approximately perpendicular to the propagation direction as long as there is substantial shear wave energy excited in the plane transverse to the raypaths for different source polarizations.
